The goal of this study was to evaluate if differences in culture conditions used in long-term culture assays affect enumeration of LTC-IC in freshly sorted or ex vivo expanded CD34 
Introduction
Hematopoietic stem cells (HSC) are cells that can both self renew and generate committed progenitors capable of differentiating into all types of blood cells. [1] [2] [3] [4] Assessment of stem cell number, quality and characteristics in animals can be done by transplantation of limited numbers of cells in lethally irradiated recipients. [5] [6] [7] [8] In humans, the number and characteristics of HSC can be assessed by transplantation in xenogenic animal models. [9] [10] [11] Another more widely used method of assessing primitive human progenitors is to enumerate them in vitro in long-term cultures. [12] [13] [14] The assay most frequently used to characterize primitive progenitors is the long-term culture initiating cell assay (LTC-IC), first described by Sutherland et al. 13 In this assay, cells that can initiate and sustain hematopoiesis, ie generate secondary CFC for a minimum of 5 weeks in stroma-based cultures, are thought to represent primitive progenitors, termed LTC-IC. 13, 14 The cobblestone-area forming cell assay (CAFC), first described by Ploemacher et al, 16 measures primitive cells using a more visual endpoint, ie production of 'cobblestones' for more than 5 weeks after initiation of the culture, rather then generation of secondary CFC. When cells are plated in limiting dilutions (LDA), enumeration of the absolute frequency of LTC-IC or CAFC is possible. 13, 17, 18 ) may contribute to the observed differences. In addition, differences in cell culture methods, such as frequency of medium changes, initial cell density or cytokines added to the culture medium, can influence the results. 27, 28, [32] [33] [34] Since the competence of stromal feeders used to assess LTC-IC numbers may greatly influence the perceived number of LTC-IC in a given cell population, we assessed the ability of a recently cloned murine fetal liver cell line, AFT024, to support human LTC-IC and compared these results with results obtained using the murine fibroblast feeder, M2-10B4. We demonstrate that the type of stromal feeder used in LTC-IC LDA not only affects the determination of LTC-IC frequencies in uncultured cells but also significantly changes the perceived number of LTC-IC that is maintained in expansion cultures.
Materials and methods

Cell sources and cell preparation
Bone marrow was aspirated from the posterior iliac crest from healthy volunteer donors after informed consent using guidelines approved by the Committee on the Use of Human Subjects at the University of Minnesota. Mononuclear cells (MNC) were obtained by Ficoll-Hypaque (Sigma-Diagnostics, St Louis, MO, USA) centrifugation. MNCs were incubated with a biotinylated anti-CD34 monoclonal antibody (clone 12.8) for 30 min at 4°C. After washing, the cells were loaded on to an avidin-immunoaffinity column (Ceprate system; Cellpro, Bothell, WA, USA). The adsorbed CD34 + cells were released by gentle agitation and washed twice with IMDM containing 20% fetal calf serum (FCS, Hyclone Laboratories, Logan, UT, USA). Figure 1 ).
Cell sorting
Stromal feeders
The murine fibroblast cell line M2-10B4, (a kind gift from C Eaves, Terry Fox Laboratories, Vancouver, Canada) was maintained in RPMI 1640 (GIBCO-BRL) with 10% FCS. M2-10B4 supports human hematopoiesis in stroma-contact and stromanon-contact cultures to the same extent as primary human bone marrow stromal feeders. 28, 30 The murine fetal liver cell line, AFT024, was maintained at 33°C in DMEM (GIBCO-BRL) supplemented with 20% FCS, 50 M 2-mercaptoethanol (2-ME) (Bio-Rad, Hercules, CA, USA). M2-10B4 or AFT024 cells were subcultured in 24-or 96-well plates (Costar, Cambridge, MA, USA), grown to confluency and then irradiated at 6000 rads (M2-10B4) or 2000 rads (AFT024) using a Mark 1 cesium irradiator (Shepard, Glendale, CA, USA). For AFT024, tissue culture dishes were precoated with 0.1% gelatin (Specialty Media, Lavalette, NJ, USA) before seeding the cells. After irradiation, all media were replaced by complete LTBMC-medium containing IMDM, 12.5% FCS, 12.5% horse serum (Stem Cell Technologies, Vancouver, Canada), 2 mmol/l L-glutamine (GIBCO), penicillin (1000 U/ml), streptomycin 100 U/ml (GIBCO) and 10 −6 mmol/l hydrocortisone and cultures were maintained at 37°C. 35 
Expansion cultures
On day 0, 5000 freshly sorted 34
− cells were plated in collagen-coated transwell inserts (0.4-m pore size) (Costar) placed above M2-10B4 stromal feeders. 23 Cultures were maintained for 5 weeks in LTBMC medium in a humidified atmosphere at 37°C and 5% CO 2 . Cultures were fed at weekly intervals by removing half of the medium and replacing it with fresh complete LTBMC medium. 
/Lin
− cells were plated in limiting dilutions on M2-10B4 feeders or on AFT024 feeders supplemented with or without MIP-1␣ (100 ng/ml) and IL-3 (5 ng/ml). After 5 weeks, LTBMC-media were removed and wells were overlaid with clonogenic methylcellulose medium. At day 12-16 wells were scored for CFC. **P Ͻ 0.01 (LTC-IC frequency on AFT024 feeders vs M2-10B4 feeders); P Ͻ 0.05 (LTC-IC frequency on AFT024 feeders vs AFT024 feeders supplemented with MIP-1␣/IL-3).
Assessment of the absolute number of LTC-IC by limiting dilution assay (LDA)
− cells (22 replicates per concentration: 150, 50, 15, 5 cells/well) were plated on to irradiated confluent M2-10B4 or AFT024 feeders subcultured in 96-well plates (Costar) and maintained for 5 weeks in LTBMC medium with or without 100 ng/ml MIP-1␣ (R&D Systems, Minneapolis, MN, USA) and 5 ng/ml IL-3 (R&D Systems). 36 Likewise, week 5 progeny of 34 + /Lin − cells was harvested from transwell inserts of M2-10B4 non-contact cultures and replated in M2-10B4 or AFT024-based LDA as described. 23 After 5 weeks, all LTBMC media were removed and replaced with clonogenic methylcellulose medium containing 1.12% methylcellulose, IMDM (GIBCO), 30% FCS (Hyclone), 3 IU/ml erythropoietin (Amgen, Thousand Oaks, CA, USA) and supernatant of the bladder carcinoma cell line 5637 (7.5%). Wells were scored for the presence or absence of secondary CFC between day 12 and day 16. The absolute frequency of LTC-IC present in the different cell populations was calculated as the reciprocal of the concentration of test cells that gives 37% negative cultures using Poisson statistics and the weighted mean method. 17, 18 Maintenance of LTC-IC was determined by comparing the absolute frequency of LTC-IC on day 0 and at week 5.
Evaluation of CFC generated per LTC-IC
Two thousand 34
− cells were cultured on M2-10B4 feeders or AFT024 feeders in LTBMC medium with weekly media exchange. In some AFT024 cultures MIP-1␣ (100 ng/ml) and and IL-3 (5 ng/ml) were added to the LTBMC medium. After 5 weeks, cells were harvested and replated in clonogenic methylcellulose medium. The clonogenic cultures were assessed at days 14-16 for the presence of CFC as described. 37 The number of CFC per LTC-IC was calculated by dividing 
Statistics
Results of experimental points from different experiments were reported as the mean ± standard error of the mean (s.e.m.). Significance levels were determined by either paired or nonpaired two-sided Student's t-test analysis as indicated.
Results
Assessment of the absolute frequency of LTC-IC in 34
+ /Lin − cells
depends on the stromal feeder used in the LTC-IC-LDA system
Freshly isolated 34
− cells from normal bone marrow were plated in limiting dilutions on M2-10B4 or AFT024-feeders to assess the frequency of LTC-IC. Three-fold more 34
− cells generated secondary CFC in AFT024-LDA than in M2-10B4-based LDA (4.45 ± 0.69% vs 1.45 ± 0.20%; P Ͻ 01) ( Figure  2) . We have previously shown that addition of MIP-1␣ and IL-3 to long-term ex vivo expansion cultures results in complete maintenance of LTC-IC for at least 8 weeks, suggesting that this cytokine mixture provides support for ex vivo LTC-IC growth. 36 Therefore, we added MIP-1␣ (100 ng/ml) and IL-3 (5 ng/ml) weekly to AFT024-LDA assays and showed that the frequency of 34
− cells that can generate secondary CFC increased to 6.8 ± 0.9% ( Figure 2 ). As shown in Table 1 , the 
The type of stromal feeder used in LTC-IC-limiting dilution assays affects assessment of LTC-IC maintenance/expansion
To investigate if the feeder used in LTC-IC LDA affects the assessment of maintenance/expansion of LTC-IC, we replated 34 + /Lin − progeny cultured for 5 weeks in transwells above M2-10B4 feeders (non-contact cultures) in M2-10B4-LDA and AFT024-LDA supplemented with and without MIP-1␣ and IL-3. Using AFT024 feeders in the LDA readout assay, we show that 37.5 ± 8.1% of 34 + /Lin − LTC-IC were maintained for 5 weeks in the absence of MIP-1␣ and IL-3 and 29.1 ± 6.3% of LTC-IC were maintained when LDAs were supplemented with MIP1-␣ and IL-3. Surprisingly, when M2-10B4-LDA were used to assess LTC-IC maintenance, significantly less LTC-IC (13.1 ± 3.4%, P Ͻ 0.05) were maintained ( Figure 3 ).
Discussion
We demonstrate that the absolute frequency of LTC-IC measured in a given CD34 + subpopulation depends on the type of stromal feeder used in the LDA as well as on the presence or absence of cytokines in the LDA assay. Using M2-10B4 feeders in the LDA assay, we detected an absolute frequency of 1.45 ± 0.2% LTC-IC in 34
− cells. This is similar to what we and others described previously using either M2-10B4 feeders or primary human bone marrow stromal feeders. 22, 28, 30 When AFT024 cells were used as feeder in the LDA assays, the measured LTC-IC frequency was 4.45 ± 0.7%. It is possible that the increased number of LTC-IC measured in AFT024-LDA may be due to recruitment of more immature progenitors. However, since similar numbers of CFC are generated per LTC-IC on AFT024 and M2-10B4 feeders, the differentiation stage of LTC-IC that is allowed to grow in M2-10B4 or AFT024-LDA assays may be similar. Another possibility is that AFT024 feeders produce one or more factors that either prevent terminal differentiation or apoptosis of LTC-IC, or allow LTC-IC to proliferate. mRNA for more than 15 known cytokines can be found in AFT024 and this expression pattern does not differ significantly from that seen in less supportive feeders. 38, 39 Moore et al [38] [39] [40] [41] [42] have recently shown that AFT024-cells express novel factors involved in hematopoietic stem cell regulation. One of the factors expressed by AFT024 cells is the delta-like (dlk) protein, pre-adipocyte factor-1 (pref-1). 38, 43, 44 When ectopically expressed in a hematopoietic non-supportive cell line, the dlk protein increases the ex vivo support of primitive murine hematopoietic progenitors. 38 Thus, dlk, produced by AFT024, but not M2-10B4 (unpublished observations) and/or other novel molecules expressed by AFT024 may block differentiation and/or apoptosis or may allow proliferation of primitive progenitors, resulting in the higher LTC-IC frequency measured in AFT024 LDA. 38, [40] [41] [42] We have reported that MIP-1␣ and IL-3 increases maintenance of LTC-IC when DR − cells are cultured for 8 weeks in transwells above M2-10B4 feeders. 36 We show here that addition of MIP-1␣ and IL-3 to AFT024-LDAs further enhanced the measured LTC-IC frequency. This is consistent with reports from other investigators. Sutherland et al 22, 28 have shown that the measured LTC-IC frequency can be increased by adding cytokines such as IL-3 and G-CSF to the culture medium or by plating progenitors on cytokine engineered feeders. Thus, our studies show that differences in the supportive feeders or addition of cytokines to the culture medium significantly influence the measured frequency of primitive progenitors in LTC-IC LDA assays.
Several groups are in the process of developing ex vivo culture systems to expand primitive and/or committed progenitors for transplant purposes. Likewise, short-term culture is needed for retroviral gene transfer. The availability of assays that can accurately measure the number of primitive and committed progenitors still present after ex vivo culture is of the utmost importance in assessing the effect of such ex vivo manipulations. We investigated if differences in the supportive capacity of feeders used in LDA readout assays influence our ability to assess maintenance or expansion of primitive hematopoietic progenitors after ex vivo long-term culture. The type of feeder layer used in LTC-IC LDA significantly affected the assessment of LTC-IC maintenance when 34
− cells were evaluated. The M2-10B4-LDA readout system underestimated the proportion of LTC-IC that persisted for 5 weeks in M2-10B4 stroma non-contact cultures by 50% when compared with AFT024 LDA with and without supplementation of MIP-1␣ and IL-3. This suggests that LTC-IC still present after 5 week long-term culture require certain stromal signals to proliferate provided by AFT024 feeders but not M2-10B4. If novel factors, such as dlk/pref-1, are responsible for the higher LTC-IC frequency measured in 34 +
/Lin
− cells cultured ex vivo for 5 weeks remains to be determined. 42 In conclusion, we illustrate here that enumeration of LTC-IC in a given cell population has to be interpreted cautiously. First, the feeder used in the LTC-IC LDA readout assays can greatly affect the determination of the absolute number of LTC-IC. Second, the culture medium used to maintain LTC-IC LDA affects the perceived LTC-IC frequency. Third, the ability of the feeder to support LTC-IC used in LDA can significantly affect the measured maintenance and/or expansion of LTC-IC. Differences in LTC-IC quantitation dependent on culture conditions rather than the progenitor population itself are of concern when stroma-based LDAs are used to determine the efficacy of an ex vivo expansion system to maintain/expand primitive progenitors. Stromal feeder known to support maximally the growth of a given progenitor population should therefore be used to assess LTC-IC frequency/expansion.
